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Abstract
We examine the parameter space of two-Higgs-doublet model of type-II after imposing
the relevant theoretical and experimental constraints from the precision electroweak data, B-
meson decays, the LHC run-I and run-II data. We find that the searches for Higgs via the
τ τ¯ , WW, ZZ, γγ, hh, hZ, HZ, AZ channels can give strong constraints on the CP-odd Higgs
A and heavy CP-even Higgs H, and the parameter space excluded by each channel is respectively
carved out in detail. The surviving samples are discussed in two different of regions: (i) In the
SM-like coupling region of the 125 GeV Higgs, mA is allowed to be as low as 350 GeV, and tan β
is imposed a strong upper limit. mH is allowed to be as low as 200 GeV for the proper tan β,
sin(β − α) and mA, but is required to be larger than 300 GeV for mA = 700 GeV. (ii) In the
wrong sign Yukawa coupling of the 125 GeV, tan β and sin(β −α) can be imposed upper limits by
bb¯ → A/H → τ τ¯ channel and lower limits by the A → hZ channel. mA and mH are respectively
allowed to be as low as 60 GeV and 200 GeV, but 320 GeV < mA < 500 GeV is excluded for mH =
700 GeV.
PACS numbers: 12.60.Fr, 14.80.Ec, 14.80.Bn
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I. INTRODUCTION
The ongoing analyses of ATLAS and CMS show that the properties of the newly dis-
covered 125 GeV boson are well consistent with the SM Higgs boson [1–3]. No excesses
are observed in the searches for the additional exotic Higgs. The ATLAS and CMS give us
plentiful limits on additional scalar state from its decay into various SM channels and some
exotic decays at the LHC run-I and run-II.
The two-Higgs-doublet model (2HDM) [4] extends SM simply by adding a second SU(2)L
Higgs doublet, which has very rich Higgs phenomenology, including two neutral CP-even
Higgs bosons h and H , one neutral pseudoscalar A, and two charged Higgs H±. According
to the different Yukawa couplings, there are four types for 2HDMs which forbid the tree-level
flavor changing neutral currents, the type-I [5, 6], type-II [5, 7], lepton-specific, and flipped
models [8–11]. Since both the Yukawa couplings of down-type quark and lepton can be
enhanced by the factor of tan β, the type-II model can be given more stringent constraints
than the other three models by the flavor observables and the LHC searches for additional
Higgs. The allowed parameter space of 2HDM has been examined in light of the ATLAS
and CMS searches for extra Higgses at the LHC in the literatures [12–31]
In this paper we examine the parameter space of the scenario in the type-II 2HDM
considering the joint constraints from the theory, the precision electroweak data, flavor
observables, the 125 GeV Higgs signal data and the searches for the additional Higgs at the
LHC run-I and run-II. The 2HDM can respectively give the well fit to the 125 GeV Higgs
signal data in two different regions: wrong sign Yukawa coupling and SM-like coupling. We
respectively carve out the allowed parameter space in the two different regions, and obtain
some interesting observables.
Our work is organized as follows. In Sec. II we introduce the 2HDM of type-II briefly.
In Sec. III we perform numerical calculations. In Sec. IV, we show the allowed parameter
space after imposing the relevant theoretical and experimental constraints. Finally, we give
our conclusion in Sec. V.
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II. TWO-HIGGS-DOUBLET MODEL OF TYPE-II
The general Higgs potential with a softly broken discrete Z2 symmetry is written as [32]
V = m211(Φ
†
1Φ1) +m
2
22(Φ
†
2Φ2)−
[
m212(Φ
†
1Φ2 + h.c.)
]
+
λ1
2
(Φ†1Φ1)
2 +
λ2
2
(Φ†2Φ2)
2 + λ3(Φ
†
1Φ1)(Φ
†
2Φ2) + λ4(Φ
†
1Φ2)(Φ
†
2Φ1)
+
[
λ5
2
(Φ†1Φ2)
2 + h.c.
]
. (1)
We focus on the CP-conserving model in which all λi and m
2
12 are real. The two complex
scalar doublets have the hypercharge Y = 1:
Φ1 =

 φ+1
1√
2
(v1 + φ
0
1 + ia1)

 , Φ2 =

 φ+2
1√
2
(v2 + φ
0
2 + ia2)

 . (2)
Where v1 and v2 are the electroweak vacuum expectation values (VEVs) with v
2 = v21+v
2
2 =
(246 GeV)2, and the ratio of the two VEVs is defined as tanβ = v2/v1. After spontaneous
electroweak symmetry breaking, there are five mass eigenstates: two neutral CP-even h and
H , one neutral pseudoscalar A, and two charged scalars H±.
The Yukawa interactions are written as
−L = Yu2QL Φ˜2 uR + Yd1QLΦ1 dR + Yℓ1 LLΦ1 eR + h.c. , (3)
where QTL = (uL , dL), L
T
L = (νL , lL), Φ˜1,2 = iτ2Φ
∗
1,2, and Yu2, Yd1 and Yℓ1 are 3× 3 matrices
in family space.
The Yukawa couplings of the neutral Higgs bosons normalized to the SM are given as
yfih = [sin(β − α) + cos(β − α)κf ] ,
yfiH = [cos(β − α)− sin(β − α)κf ] ,
yfiA = −iκf (for u), yfiA = iκf (for d, ℓ), (4)
where κd = κℓ ≡ − tanβ and κu = 1/ tanβ.
The Yukawa interactions of the charged Higgs are given as
LY = −
√
2
v
H+
{
u¯i [κd (VCKM)ij mdjPR − κumui (VCKM)ij PL] dj + κℓ ν¯mℓPRℓ
}
+ h.c.,
(5)
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where i, j = 1, 2, 3.
The neutral Higgs boson couplings with the gauge bosons normalized to the SM are given
by
yVh = sin(β − α), yVH = cos(β − α), (6)
where V denotes Z or W .
The properties of the observed 125 GeV Higgs are very closed to the SM Higgs boson,
which gives the strong constraints on the sector of Higgs extensions. The 2HDM can give
the well fit to the 125 GeV Higgs signal data in two different regions: the SM-like coupling
and the wrong sign Yukawa coupling of 125 GeV Higgs. For the former, the couplings of 125
GeV Higgs are very closed to the SM Higgs, which has a limit called the alignment limit. In
the exact alignment limit [26, 33], namely cos(β−α) = 0, from Eq. (4) and Eq. (6) we find
that h has the same couplings to the fermions and gauge bosons as the SM, and the heavy
CP-even Higgs (H) has no couplings to the gauge bosons.
In the wrong sign Yukawa coupling region, at least one of the Yukawa couplings of the 125
GeV Higgs has the opposite sign to the coupling of gauge boson. However, their absolute
values should be closed to the SM Higgs due to the constraints of 125 GeV Higgs signal
data. Therefore, we can obtain
yfih = −1 + ǫ, yVh ≃ 1− 0.5 cos2(β − α) for sin(β − α) > 0 and cos(β − α) > 0 ,
yfih = 1− ǫ, yVh ≃ −1 + 0.5 cos2(β − α) for sin(β − α) < 0 and cos(β − α) > 0. (7)
Where | ǫ | and | cos(β − α) | are much smaller than 1. From Eq. (4), we can obtain
κf =
−2 + ε+ 0.5 cos(β − α)2
cos(β − α) << −1 for sin(β − α) > 0 and cos(β − α) > 0 ,
κf =
2− ε− 0.5 cos(β − α)2
cos(β − α) >> 1 for sin(β − α) < 0 and cos(β − α) > 0 . (8)
Therefore, in the 2HDM of type-II there are the wrong sign Yukawa couplings of the down-
type quark and lepton only for sin(β − α) > 0 and cos(β − α) > 0 since tan β is required to
be larger than 1 by the B-meson observables and Rb. For the same sin(β − α), especially
for sin(β − α) → 1, tanβ in the wrong sign Yukawa coupling region is much larger than
that of the SM-like coupling region. In other words, tanβ has a lower bound in the wrong
sign Yukawa coupling region and is allowed to be as low as 1 in the SM-like coupling. In
addition, cos(β − α) in the wrong sign Yukawa coupling is allowed to be much larger than
that of the SM-like coupling due to the presence of ”-2” of the numerator in the Eq. (8).
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III. NUMERICAL CALCULATIONS
We take the light CP-even Higgs boson h as the SM-like Higgs, mh = 125 GeV. The
measurement of the branching fraction of b → sγ gives the stringent constraints on the
charged Higgs mass of 2HDM of type-II, mH± > 570 GeV [34].
In our calculation, we consider the following observables and constraints:
(1) Theoretical constraints and precision electroweak data. The 2HDMC [35, 36] is em-
ployed to implement the theoretical constraints from the vacuum stability, unitarity
and coupling-constant perturbativity, as well as the constraints from the oblique pa-
rameters (S, T , U).
(2) The flavor observables and Rb. We consider the constraints of B-meson decays from
B → Xsγ, ∆mBs and ∆mBd . SuperIso-3.4 [37] is used to calculate B → Xsγ, and
∆mBs and ∆mBd are respectively calculated using the formulas in [38]. In addition,
we consider the constraints of bottom quarks produced in Z decays, Rb, which is
calculated following the formulas in [39, 40].
(3) The global fit to the 125 GeV Higgs signal data. We perform the χ2 calculation for
the signal strengths of the 125 GeV Higgs in the µggF+tth(Y ) and µV BF+V h(Y ) with Y
denoting the decay mode γγ, ZZ, WW , τ τ¯ and bb¯,
χ2(Y ) =

 µggH+ttH(Y )− µ̂ggH+ttH(Y )
µV BF+V H(Y )− µ̂V BF+V H(Y )


T 
 aY bY
bY cY


×

 µggH+ttH(Y )− µ̂ggH+ttH(Y )
µV BF+V H(Y )− µ̂V BF+V H(Y )

 . (9)
µ̂ggH+ttH(Y ) and µ̂V BF+V H(Y ) are the data best-fit values and aY , bY and cY are
the parameters of the ellipse, which are given by the combined ATLAS and CMS
experiments [3]. We pay particular attention to the surviving samples with χ2−χ2min ≤
6.18, where χ2min denotes the minimum of χ
2. These samples correspond to be within
the 2σ range in any two-dimension plane of the model parameters when explaining
the Higgs data.
(4) The non-observation of additional Higgs bosons. We employ HiggsBounds-4.3.1 [41, 42]
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Channel Experiment Mass range (GeV) Luminosity
gg/bb¯→ H/A→ τ+τ− ATLAS 8 TeV [45] 90-1000 19.5-20.3 fb−1
gg/bb¯→ H/A→ τ+τ− CMS 8 TeV [46] 90-1000 19.7 fb−1
bb¯→ H/A→ τ+τ− CMS 8 TeV [47] 20-80 19.7 fb−1
gg/bb¯→ H/A→ τ+τ− ATLAS 13 TeV [48] 200-1200 13.3 fb−1
pp→ H/A→ γγ ATLAS 13 TeV [49] 200-2400 15.4 fb−1
gg → H/A→ γγ CMS 8+13 TeV [50] 500-4000 12.9 fb−1
gg/V V → H →W+W− ATLAS 8 TeV [51] 300-1500 20.3 fb−1
gg/V V → H →W+W− (ℓνℓν) ATLAS 13 TeV [52] 300-3000 13.2 fb−1
gg → H →W+W− (ℓνqq) ATLAS 13 TeV [53] 500-3000 13.2 fb−1
gg/V V → H → ZZ ATLAS 8 TeV [54] 160-1000 20.3 fb−1
gg → H → ZZ(ℓℓνν) ATLAS 13 TeV [55] 300-1000 13.3 fb−1
gg → H → ZZ(ννqq) ATLAS 13 TeV [56] 300-3000 13.2 fb−1
gg/V V → H → ZZ(ℓℓqq) ATLAS 13 TeV [56] 300-3000 13.2 fb−1
gg/V V → H → ZZ(4ℓ) ATLAS 13 TeV [57] 200-3000 14.8 fb−1
gg → H → hh→ (γγ)(bb¯) CMS 8 TeV [58] 250-1100 19.7 fb−1
gg → H → hh→ (bb¯)(bb¯) CMS 8 TeV [59] 270-1100 17.9 fb−1
gg → H → hh→ (bb¯)(τ+τ−) CMS 8 TeV [60] 260-350 19.7 fb−1
gg → H → hh→ bb¯bb¯ ATLAS 13 TeV [61] 300-3000 13.3 fb−1
gg → H → hh→ bb¯τ+τ− CMS 13 TeV [62] 250-900 12.9 fb−1
gg → A→ hZ → (τ+τ−)(ℓℓ) CMS 8 TeV [60] 220-350 19.7 fb−1
gg → A→ hZ → (bb¯)(ℓℓ) CMS 8 TeV [63] 225-600 19.7 fb−1
gg → A→ hZ → (τ+τ−)Z ATLAS 8 TeV [64] 220-1000 20.3 fb−1
gg → A→ hZ → (bb¯)Z ATLAS 8 TeV [64] 220-1000 20.3 fb−1
gg/bb¯→ A→ hZ → (bb¯)Z ATLAS 13 TeV [65] 200-2000 3.2 fb−1
gg → A(H)→ H(A)Z → (bb¯)(ℓℓ) CMS 8 TeV [66] 200-1000 19.8 fb−1
gg → A(H)→ H(A)Z → (τ+τ−)(ℓℓ) CMS 8 TeV [66] 200-1000 19.8 fb−1
gg → A(H)→ H(A)Z → (bb¯)(ℓℓ) CMS 13 TeV [67] 50-800 2.3 fb−1
TABLE I: The upper limits at 95% C.L. on the production cross-section times branching ratio of
the processes considered in the H and A searches at the LHC run-I and run-II.
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to implement the exclusion constraints from the neutral and charged Higgs searches
at LEP at 95% confidence level.
At the LHC run-I and run-II the ATLAS and CMS have searched for the additional
scalar state from its decay into various SM channels and some exotic decays. For
the gg → A production in 2HDM of type-II, there is the destructive interference
contributions of b-quark loop and top quark loop. The cross section decreases with
increasing of tan β, reaches the minimum value for the moderate value of tanβ, and
is dominated by the b-quark loop for enough large value of tan β. For the gg → H
production, the cross section depends on sin(β − α) in addition to tan β and mH .
We compute the cross sections for H and A in the gluon fusion and bb¯-associated
production at NNLO in QCD via SusHi [43]. The production cross sections of H in
vector boson fusion process are taken from results of the LHC Higgs Cross Section
Working Group [44]. The 2HDMC is used to calculate the branching ratios of the
various decay modes of H and A. A complete list of the additional Higgs searches
considered by us is summarized in the Table I. For 1≤ tanβ ≤ 30, the LHC searches
for the heavy charged scalar can not give the constraints on the model for mH± > 500
GeV [29]. Therefore, we do not include the searches for the heavy charged Higgs.
IV. RESULTS AND DISCUSSIONS
A. The constraints from the 125 GeV Higgs signal data and the oblique parame-
ters
The couplings of SM-like Higgs are sensitive to the parameters sin(β − α) and tan β.
Therefore, the signal data of the 125 GeV Higgs can give the strong constraints on the two
parameters. In Fig. 1, we show sin(β − α) and tan β allowed by the the signal data of the
125 GeV Higgs. From Fig. 1, we find that in the SM-like coupling region of the 125 GeV
Higgs, | sin(β − α) | is required to be within the very narrow ranges, | sin(β − α) |> 0.99.
However, in the wrong sign Yukawa coupling region of the 125 GeV Higgs, sin(β − α) is
allowed to be much smaller than 1, but is always positive. tanβ is imposed a lower bound
for a given value of sin(β−α) in the wrong sign Yukwawa coupling region, such as tan β > 3
(7) for sin(β − α) = 0.87 (0.97), while tanβ is allowed to be as low as 1 for any value of
7
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FIG. 1: The samples surviving from the constraints of the 125 GeV Higgs signal data projected on
the plane of sin(β − α) versus tan β.
sin(β − α) in the SM-like Higgs coupling region.
The oblique parameters S, T and U can impose the strong constraints on the 2HDM
mass spectrum. In Fig. 2, we show mH and mA allowed by the constraints of theory and
oblique parameters. The other relevant free parameters are scanned in the following range:
0.8 ≤| sin(β − α) |≤ 1, 1 ≤ tan β ≤ 30,
570 GeV ≤ mH± ≤ 900 GeV, − (3000 GeV)2 ≤ m212 ≤ (3000 GeV)2. (10)
Fig. 2 shows that at least one of A and H is required to have a large mass. It is disfavored
that bothmA andmH are smaller than 440 GeV. A light A (H) favorsmH (mA) to be around
600 GeV for 0.99 <| sin(β − α) |< 1. In such range of sin(β − α), the 125 GeV Higgs is
allowed to have the SM-like coupling. With the decreasing of | sin(β −α) |, a light A favors
mH to increase. For example, for 0.8 < sin(β − α) < 0.9, a light A favors mH to be around
700 GeV. In such range of sin(β−α), the 125 GeV Higgs is required to have the wrong-sign
Yukawa coupling.
Now we carve out the allowed parameter space after imposing the joint constraints from
the theory, the precision electroweak data, flavor observables, the 125 GeV Higgs signal data,
and especially for the searches for the additional Higgs at the LHC run-I and run-II. The
free parameters sin(β − α), tanβ, m212, and mH± are scanned in the ranges shown in Eq.
(10). If at the same time we scan mA and mH randomly, the constraints of each Higgs search
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FIG. 2: Under the constraints of vacuum stability, unitarity, perturbativity, and oblique param-
eters, the surviving samples projected on the planes of mH versus mA. Left panel: 0.99 ≤|
sin(β − α) |≤ 1 for all the samples; Right panel: 0.95 ≤ sin(β − α) ≤ 0.99 for the bullets (sky
blue), 0.90 ≤ sin(β − α) ≤ 0.95 for the pluses (red), and 0.80 ≤ sin(β − α) ≤ 0.90 for the triangles
(black).
channel on the property of H or A are not explicitly examined. Therefore, in each analysis
we will fix one of mA and mH , and perform a detailed examination on the constraints of
the Higgs searches channels on another Higgs. In light of the allowed Higgs mass spectrum
shown in Fig. 2, we take four cases: (a) mH = 600 GeV; (b) mH = 700 GeV; (a) mA = 600
GeV; (b) mA = 700 GeV. For the four cases another Higgs is allowed to have a wide mass
range including the low mass. Since a heavy Higgs can easily avoid the constraints of the
Higgs searches, the light Higgs is more interesting.
B. Constraints on the CP-odd Higgs
In Fig. 3, fixing mH = 600 GeV and mH = 700 GeV, we project the surviving samples of
the SM-like coupling region on the planes of mA versus tanβ and mA versus sin(β−α) after
imposing the constraints of pre-LHC (denoting theoretical constrains, electroweak precision
data, the flavor observables, Rb, the exclusion limits from searches for Higgs at LEP), the
125 GeV Higgs signal data, and the searches for additional Higgses at the LHC run-I and
run-II. The upper-left panel shows that the constraints of pre-LHC and the 125 GeV Higgs
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FIG. 3: The surviving samples of the SM-like coupling region projected on the planes of mA versus
tan β andmA versus sin(β−α). All the samples are allowed by the constraints of pre-LHC (denoting
theoretical constrains, electroweak precision data, the flavor observables, Rb, the exclusion limits
from searches for Higgs at LEP) and the 125 GeV Higgs signal data. The pluses (red), circles
(black), triangles (sky blue) and inverted triangles (royal blue) are respectively excluded by the
A/H → τ τ¯ , A→ γγ, A→ hZ and A→ HZ searches at the LHC run-I and run-II.
data give the strong constraints on tan β and mA. tan β is required to be smaller than 2 for
mA < 500 GeV and mH = 600 GeV. Further the A→ τ τ¯ , A→ γγ, A→ hZ and H → AZ
channels exclude the samples in the region of mA < 350 GeV. The bb¯→ A/H → τ τ¯ channel
can give the upper limit of tanβ, tanβ < 15 for mA (mH) < 600 GeV. In the SM-like
Higgs coupling region, the coupling constant of Hbb¯ is nearly the same as that of Abb¯. In
our analysis we fix mH = 600 GeV which can lead to tanβ < 15 due to the constraints of
bb¯ → H → τ τ¯ channel. Therefore, we do not show the parameter space mA > 600 GeV
although the constraints of bb¯→ A→ τ τ¯ on tanβ can be relaxed.
The upper-middle and upper-right panels show that the H → AZ, A → γγ, A → hZ
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and A → τ τ¯ searches can give the strong constraints on mA in the closed to alignment
limit. With the increasing of | sin(β − α) |, the widths of H → AZ and A → hZ increase
and decrease, respectively. The constraints from the H → AZ channel become strong as
| sin(β − α) | approaches to 1, and can exclude most of samples in the range of mA < 200
GeV. The A→ hZ channel can exclude most of samples in the range of 220 GeV < mA <
350 GeV except for the samples in the very closed to the alignment limit. For 350 GeV
< mA < 540 GeV, the A → tt¯ can enhance the total width of A sizably, therefore the
constraints of H → AZ, A → γγ and A → hZ channels can be satisfied. For 540 GeV
< mA < 600 GeV, some samples in the very closed to the alignment limit can be excluded
by the bb¯→ A/H → τ τ¯ channel (also see the upper-left panel).
For mH = 700 GeV, the constraints of pre-LHC and the 125 GeV Higgs data require
mA to be larger than 220 GeV, and tan β to be smaller than 2 for mA < 640 GeV. The
H → AZ channel can not impose the further constraints on the parameter space. The
A → τ τ¯ , A → hZ and A → γγ channels can exclude mA < 340 GeV. 350 GeV < mA <
640 GeV are allowed by the constraints of pre-LHC, the 125 GeV Higgs data and the Higgs
searches at the LHC. For 640 GeV < mA < 700 GeV, the bb¯ → A → τ τ¯ can exclude the
exact alignment limit and require tanβ to be smaller than 18.
Now we examine the parameter space in the wrong sign Yukawa coupling region formH =
600 GeV and mH = 700 GeV. In Fig. 4, we project the surviving samples on the planes
of mA versus tan β and mA versus sin(β − α) after imposing the constraints of pre-LHC,
the 125 GeV Higgs signal data and the searches for additional Higgses at the LHC run-I
and run-II. Since the constraints of pre-LHC and the 125 GeV Higgs signal data require
tan β > 3 in the wrong sign Yukawa coupling region, the A → γγ and A → HZ can not
give the further constraints on the parameter space.
For mH = 600 GeV and 280 GeV < mA < 700 GeV, tanβ and sin(β−α) can be imposed
the upper bounds by the bb¯ → A → τ τ¯ channel and the lower bounds by the A → hZ
channel. For example, 4.5 < tanβ < 9.0 and 0.91< sin(β − α) < 0.975 for mA = 300 GeV,
8.0 < tan β < 15.0 and 0.97< sin(β − α) < 0.99 for mA = 400 GeV, 4.0 < tanβ < 17.0 and
0.9< sin(β − α) < 0.99 for mA = 600 GeV. The bb¯→ A→ τ τ¯ channel can exclude most of
samples in the range of mA < 200 GeV except for a very narrow band of mA around 100
GeV.
For mH = 700 GeV, the constraints of pre-LHC and the 125 GeV Higgs signal data
11
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FIG. 4: The surviving samples of the wrong sign Yukawa coupling region projected on the planes
of mA versus tan β and mA versus sin(β − α). All the samples are allowed by the constraints
of pre-LHC and the 125 GeV Higgs signal data. The pluses (red) and triangles (sky blue) are
respectively excluded by the A/H → τ τ¯ and A→ hZ searches at the LHC run-I and run-II.
require tanβ < 5.5 and sin(β − α) < 0.95. Therefore, the bb¯ → A → τ τ¯ channel can not
give the further constraints on the parameter space. The A→ hZ channel can exclude most
of samples in the range of 300 GeV < mA < 600 GeV.
C. Constraints on the heavy CP-even Higgs
Here we examine the status of the heavy CP-even Higgs after imposing the relevant
theoretical and experimental constraints. In Fig. 5, fixing mA = 600 GeV and mA = 700
GeV, we project the surviving samples on the planes of mH versus tan β and mH versus
sin(β − α). For mA = 600 GeV, the upper-left panel shows the bb¯ → H/A → τ τ¯ channel
gives the upper bound of tanβ, such as tanβ < 6, 10 and 15 for mH = 200 GeV, 320 GeV
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FIG. 5: The surviving samples of the SM-like coupling region projected on the planes of mA versus
tan β and mA versus sin(β − α). All the samples are allowed by the constraints of pre-LHC and
the 125 GeV Higgs signal data. The pluses (red), circles (black), triangles (sky blue) and inverted
triangles (royal blue) are respectively excluded by the H/A → τ τ¯ , H → WW, ZZ, γγ, H → hh,
and A→ HZ searches at the LHC run-I and run-II.
and 600 GeV. The H → τ τ¯ , V V, γγ, hh and A→ HZ searches can require tanβ > 2.5 for
mH < 380 GeV. The proper large tan β can simultaneously suppress the cross sections of
Higgs in the gluon fusion production and bb¯-quark associated production. In addition, the
H → bb¯ can be the dominant decay mode, so that the branching ratios of H → V V, γγ, hh
will be sizably suppressed, and the constraints from these channels can be avoided.
For mA = 600 GeV, the upper-middle and upper-right panels of Fig. 5 show for the
proper tan β (see the upper-left panel), the H/A → τ τ¯ , H → V V, γγ, hh, A → HZ can
give the strong constraints on the mH in the closed to the alignment limit. All the samples
in the range of mH > 270 GeV can satisfy the constraints of A→ HZ channel. The widths
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FIG. 6: The surviving samples of the wrong sign Yukawa coupling region projected on the planes
of mH versus tan β and mH versus sin(β − α). All the samples are allowed by the constraints
of pre-LHC and the 125 GeV Higgs signal data. The pluses (red) and triangles (sky blue) are
respectively excluded by the H/A→ τ τ¯ and A→ hZ searches at the LHC run-I and run-II.
of H → V V, hh decrease with increasing of | sin(β − α) | and equal to zero in the exact
alignment limit. In the proper deviation from the alignment limit, the searches for these
channels can exclude most of samples in the range of mH < 380 GeV. With the increasing
of mH , the H → tt¯ can enhance the total width of H sizably, so that the constraints from
H → V V, γγ, hh searches can be relaxed.
For mA = 700 GeV, the lower-left panel of Fig. 5 shows the constraints of pre-LHC and
the 125 GeV Higgs signal data require mH > 300 GeV. The A→ HZ channel can not give
the further constraints on the parameter space. The other features of the parameter space
are similar to those of mA = 600 GeV.
Now we examine the parameter space in the wrong sign Yukawa coupling region for mA =
14
600 GeV and mA = 700 GeV. In Fig. 6, we project the surviving samples on the planes of
mH versus tan β and mH versus sin(β − α) after imposing the constraints of pre-LHC, the
125 GeV Higgs signal data and the searches for additional Higgses at the LHC run-I and
run-II. Since the constraints of pre-LHC and the 125 GeV Higgs signal data require tan β
to be much larger than 2 in the wrong sign Yukawa coupling region, the H → V V, γγ, hh
and A→ HZ channels can not give the further constraints on the parameter space.
For mA = 600 GeV, the bb¯ → H → τ τ¯ channel can impose the upper bounds on tan β
and sin(β−α). For example, tanβ < 7.0 and sin(β−α) < 0.96 for mH = 200 GeV, tanβ <
10.0 and sin(β−α) < 0.98 for mH = 300 GeV, tan β < 16.0 and sin(β−α) < 0.99 for mH =
600 GeV. All the samples in the range of mH < 350 GeV can survive from the constraints of
A→ hZ channel. In such range ofmH , the A→ HZ mode can enhance the total width of A,
and lead the branching ratio of A→ hZ to be suppressed. For mH > 350 GeV, the A→ hZ
channel can exclude most of samples in the range of tan β < 4.5 and sin(β − α) < 0.905.
For mA = 700 GeV, the constraints of pre-LHC and the 125 GeV Higgs signal data
require tanβ < 4 and sin(β − α) < 0.92. Therefore, the bb¯→ H → τ τ¯ channel can not give
the further constraints on the parameter space. The A → hZ channel can exclude most of
samples in the range of mH > 540 GeV, tanβ < 3.25 and sin(β − α) < 0.855.
V. CONCLUSION
We examine the parameter space of 2HDM of type-II after imposing the relevant theo-
retical and experimental constraints from the precision electroweak data, B-meson decays,
Rb, the 125 GeV Higgs signal data, and the H/A → τ τ¯ , γγ, H → WW, ZZ, hh, AZ,
A→ hZ, HZ searches at the LHC run I and run II. We obtain the following observables:
(i) Status of CP-odd Higgs A. Due to the constraints of theory and oblique parameters,
for mH is around 600 GeV ∼ 700 GeV, the A is allowed to have a wide range of mass,
including the low mass. In the SM-like Higgs coupling region of the 125 GeV Higgs, the
A→ hZ, γγ, τ τ¯ channels can exclude 140 GeV < mA < 350 GeV. For mH = 600 GeV, the
H → AZ can exclude most of samples in the range of mA < 200 GeV. The bb¯→ A/H → τ τ¯
can impose the upper limits on tanβ and | sin(β − α) | in the large mass range. The
parameter space of tan β < 2, 0.99≤ sin(β−α) ≤ 1 and -1≤ sin(β−α) ≤-0.998 are allowed
for mH=600 GeV and 350 GeV < mA < 540 GeV as well as mH=700 GeV and 350 GeV
15
< mA < 640 GeV.
In the wrong sign Yukawa coupling region of the 125 GeV Higgs, for mH = 600 GeV and
280 GeV < mA < 700 GeV, the tanβ and sin(β − α) can be imposed the upper bounds by
the bb¯→ A→ τ τ¯ channel and the lower bounds by the A→ hZ channel. The bb¯→ A→ τ τ¯
channel can exclude most of samples in the range of mA < 200 GeV except for a very narrow
band of mA around 100 GeV. Compared to the case of mH = 600 GeV, for mH = 700 GeV,
320 GeV < mA < 500 GeV is excluded, and the allowed parameter space is sizably narrowed
since the constraints of pre-LHC and the 125 GeV Higgs signal data require tanβ < 5.5 and
sin(β − α) < 0.95.
(ii) Status of heavy CP-even Higgs H . For mA is around 600 GeV, the H is allowed to
have a wide rang of mass. In the SM-like Higgs coupling region of the 125 GeV Higgs, the
bb¯ → H/A → τ τ¯ searches give the upper bound of tanβ, such as tan β < 6, 10 and 15 for
mH = 200 GeV, 320 GeV and 600 GeV. The H → τ τ¯ , WW, ZZ, γγ, hh channels require
tan β > 2.5 for mH < 380 GeV. For mA = 600 GeV, the A → HZ channel can exclude
most of samples in the range of mH < 270 GeV. For the proper tanβ and sin(β − α), mH
is allowed to be as low as 200 GeV for mA = 600 GeV and 300 GeV for mA = 700 GeV.
In the wrong sign Yukawa coupling region of the 125 GeV Higgs, the bb¯ → H → τ τ¯
channel can impose the upper bounds on tanβ and sin(β − α). For mA = 600 GeV, the
A→ hZ channel can exclude most of samples in the range of tan β < 4.5, sin(β−α) < 0.905
and mH > 350 GeV. Compared to the case of mA = 600 GeV, for mA = 700 GeV, the
allowed parameter space are sizably narrowed since the constraints of pre-LHC and the 125
GeV Higgs signal data require tanβ < 4 and sin(β − α) < 0.92. For the proper tanβ and
sin(β − α), mH is allowed to be as low as 200 GeV for both mA = 600 GeV and mA = 700
GeV.
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